We studied the dynamics of photoluminescence (PL) and energy transfer in close-packed monolayer films of CdSe and Au nanoparticles (NPs) assembled using the Langmuir-Blodgett technique. The PL intensity and dynamics depended on the ratio of CdSe to Au NPs in the mixed films. The PL quenching of CdSe NPs occurs through rapid energy transfer from excitons in CdSe NPs to plasmons in Au NPs. The PL decay curves of the mixed NPs monolayers are determined by three decay rates: the direct energy transfer between the nearest-neighbor CdSe and Au NPs (CdSe ! Au), the stepwise energy transfer from CdSe to CdSe to Au NPs (CdSe ! CdSe ! Au), and the radiative recombination in CdSe NPs. DOI: 10.1103/PhysRevLett.100.207404 PACS numbers: 78.67.Bf, 73.21.La, 78.55.Qr Over the past two decades, semiconductor nanoparticles (NPs) have been studied extensively both experimentally and theoretically because their optical properties can be tuned by changing the size of the NPs and they have potential for optoelectronic applications such as lasers, lightemitting diodes, and solar cells [1] [2] [3] [4] [5] [6] . Semiconductor NPs also serve as nanoscale building blocks for tailored materials with fascinating multifunctional properties beyond those of bulk crystals and isolated NPs. Recently, macroscopically ordered NP suprasolids and close-packed NP solids have been prepared, allowing the study of quantum and cooperative phenomena [7, 8] . One of the central issues in ordered or close-packed NP solids is the understanding of energy and charge transfer processes on a nanoscale [9] .
Over the past two decades, semiconductor nanoparticles (NPs) have been studied extensively both experimentally and theoretically because their optical properties can be tuned by changing the size of the NPs and they have potential for optoelectronic applications such as lasers, lightemitting diodes, and solar cells [1] [2] [3] [4] [5] [6] . Semiconductor NPs also serve as nanoscale building blocks for tailored materials with fascinating multifunctional properties beyond those of bulk crystals and isolated NPs. Recently, macroscopically ordered NP suprasolids and close-packed NP solids have been prepared, allowing the study of quantum and cooperative phenomena [7, 8] . One of the central issues in ordered or close-packed NP solids is the understanding of energy and charge transfer processes on a nanoscale [9] .
The optical properties of close-packed NP solids are determined by the electronic interactions between proximal NPs. The electronic interactions between colloidal semiconductor NPs are determined mainly by incoherent long-range dipole interactions [10 -12] . Close-packed NP solids have great potential to control the energy flow on a nanoscale [13, 14] . In addition, the optical properties of semiconductor NPs change drastically when they contact metal nanostructures [15] [16] [17] [18] . The understanding and control of the exciton-plasmon interaction in semiconductormetal complexes are still an open problem. We anticipate that close-packed mixed solids composed of semiconductor NPs and metal NPs will make it possible to realize novel optical properties. Moreover, they serve as model materials for understanding the microscopic mechanism of the interaction between excitons and plasmons.
In this Letter, we fabricated close-packed monolayer films composed of CdSe and Au NPs using the Langmuir-Blodgett (LB) technique and studied their photoluminescence (PL) dynamics. Time-resolved PL spectroscopy clarified that the PL quenching of CdSe NPs occurs through rapid energy transfer from excitons in CdSe NPs to plasmons in Au NPs. The PL decay curves of mixed NPs monolayers are described by three exponential decays: the direct energy transfer from CdSe NPs to the nearest-neighbor Au NPs (CdSe ! Au), the stepwise energy transfer from a CdSe NP to another CdSe NP and then to an Au NP (CdSe ! CdSe ! Au), and radiative recombination in CdSe NPs.
As semiconductor NPs, 6.0-nm CdSe=ZnS core-shell NPs (Evident Technologies) were used. Metal Au NPs measuring 8.0 nm were prepared following the procedure in Ref. [19] . The CdSe and Au NPs were mixed in chloroform. Solutions of both were dropped on the fluid surface, and close-packed monolayer films composed of CdSe and Au NPs were fabricated on quartz substrates using the LB technique. The ratios of Au to CdSe NPs in the films were confirmed directly by transmission electron microscopy (TEM). Figure 1 shows negative tone TEM images of the samples with Au to CdSe NP ratios (Au:CdSe) in the mixed films of (a) 33:67, (b) 72:28, and (c) 100:0. To count the number of the NPs, we used negative tone images. The numbers of Au (N Au ) and CdSe (N CdSe ) NPs were measured directly by counting in two different 500 500-nm 2 areas in each sample. Here, the fraction of Au NPs is defined as x N Au =N Au N CdSe . The NPs form a dense, close-packed monolayer with a simple two-dimensional hexagonal lattice. Well-mixed samples with no aggregation of Au and CdSe NP regions were used for optical measurements.
Figure 2(a) shows the absorption spectra of CdSe=Au NP monolayers with various fractions x. In the pure CdSe NP film (x 0), an absorption peak appears around 2.05 eV, and is assigned to the lowest-energy 1S-1S exciton state [1, 6] . With increasing x, a broad absorption band appears near 2.35 eV, attributable to the surface-plasmon resonance of the Au NPs. The peak gradually shifts to 2.0 eV in the pure Au NP film (x 1). This shift is due to the increase in the background dielectric constant around Au NPs with the Au NP ratio [20] . These absorption spectra also support the formation of homogeneous monolayer films.
The inset of Fig. 2 (b) shows PL spectra under continuous wave (cw) 3.06 eV laser excitation. As x increases, the PL intensity decreases, although the spectral shapes do not change. The origin of the PL band is assigned to the transition from the lowest exciton state in CdSe NPs in the mixed films. Figure 2 (b) shows the PL intensity as a function of x in the mixed film. The normalized PL intensity decreases rapidly as the Au NP ratio increases. Because in the case of no interaction between the NPs the PL intensity is proportional to the number of CdSe NPs in the sample, we draw the ratio of the CdSe NPs in the film as the broken line. The difference between the experimental results and the broken line suggests the existence of the electronic interaction between the CdSe and Au NPs. On doping CdSe NP solids with Au NPs, PL quenching occurs through the interaction between CdSe and Au NPs.
To further quantify the interaction between CdSe and Au NPs, we measured time-resolved PL spectra in each sample under 3.1 eV and 150 fs laser excitation using a streak camera. The PL dynamics in CdSe NPs dispersed in chloroform were also measured under the same experimental conditions. In the nanosecond time region, spectrally resolved PL decay curves of isolated CdSe NPs in solutions were described by a single exponential function with a time constant of about 12 ns at 2.0 eV. No clear rapid decay components due to multiexcitons and Auger recombination were observed [6, 21] . Under our experimental conditions, we confirmed that the PL decay dynamics are independent of the excitation intensity and many body effects of excitons in CdSe NPs do not play an essential role in the PL decay dynamics in close-packed films. Figure 3 shows the temporal change in the PL intensity near 2.0 eV, in each monolayer sample. In the close-packed CdSe NPs monolayer samples (x 0), the PL decay curves can be approximated by two exponential functions. Note that a fast decay component of about 1 ns appears in close-packed monolayer films, but not in isolated NP solutions. This observed value is close to the value reported for CdSe films [11, 12] . Our results imply that the 1-ns 
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207404-2 decay component is due to the energy transfer between the CdSe NPs. Furthermore, in the CdSe and Au NP mixed monolayer samples, rapid PL decay occurred as the Au NP ratio increased. In the mixed monolayer samples, the PL decay curves can be reproduced successfully using three exponential decay components: I PL t P i1;2;3 I i expÿ Fig. 3 . The dotted lines indicate the three decay components in the x 0:33 film. For comparison, the best fitting results using the two exponential decays is shown by a broken line in the x 0:33 film: the data in the nanosecond time region cannot be well reproduced by two exponential decays. These results indicate that three kinds of decay channel of excited states exist in the close-packed CdSe=Au NP monolayer. Figure 4 (a) summarizes the obtained decay times ( i , i 1, 2, 3) as a function of the Au NP mixing ratio. The decay times are classified into three components: 1 0:2 ns, 2 1 ns, and 3 10 ns. These decay times are almost independent of the Au NP mixing ratio in the film. The largest decay time, 3 , is roughly equal to the exciton lifetime in isolated CdSe NPs in solution, and this originates from radiative recombination within CdSe NPs in the films. As the Au NP fraction increases, the amplitudes of two slower components ( 2 1 ns and 3 10 ns) decrease and the amplitude of the fast decay component ( 1 0:2 ns) becomes dominant. These results indicate that the fast PL quenching is caused by the energy transfer to Au NPs for the CdSe NPs in contact with Au NPs. This assignment is reasonable based on a theoretical model calculation, as discussed below.
The energy transfer rate from an exciton in a semiconductor NP to a plasmon in a metal NP is derived analytically under the dipole approximation [22] :
where b , d, R MNP , rad , " b , " , and ! PL are the geometrical factor, distance between the Au and CdSe NP, radius of metal NP, radiative decay time, background dielectric constant, dielectric constant of metal, and PL frequency, respectively. Equation (1) provides the lower limits of the energy transfer rate because the dipole approximation is valid for the condition d R (NP radius) [23] . The average interparticle distance between the metal and semiconductor NP is estimated to be d 8 nm from the TEM image, which gives a decay time of <0:4 ns. in CdSe NPs to plasmons in Au NPs, which causes the rapid PL quenching in mixed films. This conclusion is supported by the other experimental report that the lifetime of CdSe NPs on Au flat substrate is less than 0.2 ns [16] .
Here, note that the decay component 2 of about 1 ns is a unique characteristic of close-packed mixed NPs solids. The 1-ns decay component is also observed in the CdSe NPs monolayer, as mentioned above. Therefore, we believe that energy transfer between the nearest-neighbor CdSe NPs takes part in the slow PL quenching process of 1 ns in the mixed film. The possible candidates for the 1-ns PL quenching process are (i) the stepwise energy transfer from a CdSe NP to a CdSe NP to a Au NP and (ii) the direct energy transfer from a CdSe NP to the next-nearestneighbor Au NP, as illustrated in Fig. 4(b) . For the closepacked hexagonal solids shown in the TEM images (Fig. 1) , the average distance between the CdSe NPs and the next-nearest-neighbor Au NPs is estimated to be d 14 nm. Using this distance and Eq. (1), the estimated energy transfer rate for process (ii) is about 12 ns, which exceeds the CdSe ! CdSe energy transfer. Therefore, we assigned the 1-ns decay component to energy transfer process (i). Since the time constant of the energy transfer between CdSe NPs, 2 1 ns, is much larger than that between the nearest-neighbor CdSe and Au NPs, 1 0:2 ns, the stepwise energy transfer CdSe ! CdSe ! Au NPs is determined by the CdSe ! CdSe energy transfer and causes the PL quenching due to the energy transfer from CdSe to Au NPs on the 1-ns timescale. Therefore, we conclude that the PL dynamics are explained by three kinds of decay channel: nearestneighbor CdSe ! Au NP energy transfer, stepwise CdSe ! CdSe ! Au NPs energy transfer, and radiative recombination in CdSe NPs. The PL quenching of CdSe NPs occurs through rapid energy transfer from excitons in CdSe NPs to plasmons in Au NPs.
In conclusion, we reported the energy transfer dynamics in close-packed monolayer films composed of CdSe and Au NPs. Time-resolved PL measurements revealed two types of energy transfer channel from CdSe to Au NPs in mixed monolayers. The PL quenching dynamics are determined by the nearest-neighbor CdSe ! Au NPs energy transfer and the stepwise CdSe ! CdSe ! Au NPs energy transfer in close-packed films. Our observations show that close-packed mixed solids composed of NPs with different characteristics provide detailed information on the energy transfer mechanism on a nanoscale.
